Introduction
In modern gold mining processes, typically it is necessary to extract gold from complex ores which comprise gold in addition to other metals, including mercury. A common technique for extracting gold from its ores is the cyanide process, wherein leaching of gold is achieved by the addition of cyanide at alkaline pH following the Elsner equation (Equation (i)) (1) . Cyanide is a strong lixiviant for gold and so leaches the gold out of the ore into solution (2) . The gold is typically present in the leaching solution as a gold cyanide complex. Silver can also be extracted from its ores using a similar cyanide leaching process. A problem with this process is that cyanide is an equally strong lixiviant for many other metals, including mercury. Accordingly mercury, which is typically present in the ore along with gold or silver, is also leached into the solution. The mercury may be present in the leach solution as a variety of complex anions with the general formula [Hg(CN) 2+x ]
x-(where x is 0, 1 or 2) depending on the ratio of mercury to cyanide ions. However, typically it is present as [Hg(CN) 4 ] 2-.
The removal of mercury from mining waters is very important, both on health and safety grounds and on environmental grounds. In particular, mercury volatilisation during extraction processes can be a threat to the health of plant workers and the presence of mercury in waste waters from mining is of significant environmental concern. Environmental legislation limits the concentration of mercury permitted in waste waters to very low levels in many countries. Accordingly, effective removal of mercury from mining waters is of significant interest to the industry. However, it is important that mercury removal technologies do not remove significant quantities of the gold or silver being mined, to avoid undesirable loss of these products during processing. A range of different methods have been employed for mercury removal in this field. Miller et al. reviewed different technologies for the removal of mercury, including precipitation with inorganic sulfides or sulfur-based organic compounds; adsorption with activated carbon or crumb rubber; solvent extraction by alkyl phosphorus esters or thiol extractants; ion exchange with isothiouronium groups or polystyrene-supported phosphinic acid; and electrochemical cementation all with varying degrees of selectivity. They deem further work on resins with thiol functionality necessary in order to achieve the desired selectivity (3). Dithiocarbamates form stable mercury precipitates which have been used to selectively precipitate mercury from gold bearing solutions (4), this can be carried out more efficiently by using colloidal hydroxides to cause coagulation which can then be removed by dissolved air flotation (5). Hutchison and Atwood further reviewed mercury remediation methods highlighting dimethyldithiocarbamate as an effective precipitation reagent. However the long term stability has been questioned with suggestion that mercury leaches from the precipitate over time; this combined with its degradation into toxic byproducts means that it is only applicable under certain circumstances (6) . Alkyl thiols such as 1,3-benzenediamidoethanethiol can also be used to precipitate mercury (7) . This paper explores the use of solid adsorbents and how they can be applied to the selective adsorption of mercury from gold cyanide bearing process streams such as those found within the gold mining circuit.
Experimental Procedures
Test solutions were made by dissolving the appropriate salts in deionised water adjusted to the correct pH using sodium hydroxide solution to prepare a stock solution. This stock solution was diluted by pipette to provide the required concentration solution.
Batch adsorption experiments were carried out by weighing 0.5 dry wt% of the adsorbent into a 60 ml glass tube, dry weight was determined using a Sartorius infrared balance. 15 ml of the metal solution was then added and allowed to stir for the required time period on a Radleys 12 position stirrer. After stirring the solution was filtered using a 0.45 µm syringe filter, the solution was analysed by ICP-OES and compared against the initial solution. The percentage metal removed is calculated from the difference of the initial concentration to the final concentration divided by the initial concentration.
Kinetic data was obtained by running multiple tubes in parallel with each tube being filtered after an appropriate time. For the cyanide addition experiments an aliquot of cyanide solution was added to the appropriate tubes after an appropriate initial period, the tubes were then filtered as required. Two samples of real mining process solutions were analysed by inductively coupled plasma mass spectrometry (ICP-MS). From this a model solution concentration of 4.0 ppm gold and 1.0 ppm mercury was set; this initial concentration was used unless stated otherwise. The pH of the electrowinning (EW) pregnant and barren was pH 12.6 and 12.0 respectively; samples of heap leach were pH 10.0. The pK a of cyanide is reported as 9.2 (8); therefore, pH 9.2 is considered the minimum safe operating pH as below this the conversion to hydrogen cyanide occurs and loss of cyanide as HCN (g) causes both experimental and safety concerns. For these experiments a pH range of 10 to 13 was adopted. Column experiments were carried out by loading the adsorbent material into a glass column, rinsing with pH adjusted deionised water and then pumping the test solution through the column using a peristaltic pump. The flow rate is controlled proportional to the bed volume (BV) with a standard flow rate of 6 BV h -1 being utilised. Outlet samples were collected and analysed by ICP-OES and compared against the inlet solution.
Materials and Reagents
Johnson Matthey produce a range of metal adsorbents for metal removal applications under the brands Smopex ® (9), QuadraPure ® and QuadraSil ® which are based on polymer fibres, polymer beads and silica spheres respectively with an additional industrial silica based Functional Silica (FS series) range. Further details of the adsorbent materials are detailed in Table I . From internal knowledge and experience and preliminary screening several materials were identified to explore the selective adsorption of mercury. Initial screening showed both thiol and quaternary amine materials to remove mercury; however quaternary amines strongly adsorbed gold therefore this selectivity study concentrated on the thiol based materials.
The following reagents were used as received: mercury cyanide (Sigma-Aldrich), potassium gold cyanide (Alfa Aesar), potassium cyanide (SigmaAldrich), sodium cyanide (Sigma-Aldrich), sodium cyanate (Sigma-Aldrich), sodium thiocyanate (SigmaAldrich), sodium sulfate (Alfa Aesar), sodium thiosulfate (Fisher Chemicals), sodium hydroxide (Fisher Chemicals). Deionised water was used from an Elga Purelab DV35 at 15 MΩ.
Results and Discussion

Speciation
Metal cyanide coordination complexes are well known and Nakamoto discussed how the easily identifiable CN stretching band at 2200-2000 cm -1 can provide information on the structure of the complex, as coordination of cyanide to the metal centre causes the CN band to be shifted to a higher frequency. This shift relates to both the coordination number and the metal oxidation state (10) . Several mercury cyanide species are known to exist with varying coordination numbers which depends on the cyanide concentration of the solution. Gold cyanide does not vary its coordination but can exist as either gold(I) or gold(III); however, the Elsner equation (Equation (i)) predicts the gold to exist only as gold(I) in cyanidation process solutions. Model solutions of gold and mercury cyanide were made and used to explore the likely species in a cyanidation circuit. Varying the cyanide ratio with mercury showed that the tetracoordinate [Hg(
is formed easily once the required ratio of cyanide is added (Figure 1 ). Above this ratio additional free cyanide is observed. Comparison of dissolved gold with known standards of potassium gold(I) cyanide (KAu(CN) 2 ) and potassium gold(III) cyanide (KAu(CN) 4 ) demonstrates that no gold(III) is present under standard conditions ( Figure 2 ). This is in accordance with the Elsner equation. Model adsorption testing was carried 4 (ii)
Model Adsorption
An initial comparison of the three materials (Figure 3 ) at pH 11 showed that Smopex ® -111 gave low removal rates of mercury compared against the other materials. Both Smopex ® -112 and FS1 gave excellent removal of mercury although in both cases some gold was removed. The lower performance of Smopex ® -111 is probably due to the hydrophobic nature of the material. When it was tested at a higher pH or when using the sodium thiolate form of the material then the performance was improved. Following this result, further testing focused on the FS1 and the Smopex ® -112 which are both alkyl thiols in a more hydrophilic environment (Figure 4) . The amount of gold adsorbed by the materials generally increases with increasing pH whilst the adsorption of mercury is unaffected. This is likely due to the pK a of thiols occurring at around 12 to 13 (11); therefore, over the pH range 10 to 13 the thiols will become increasingly deprotonated changing the behaviour of their adsorption. Mercury forms a strong bond to sulfur and the adsorption is not affected by this change from free thiol to thiolate.
Various salts can be present in mining solutions depending on the source of the ore. These could potentially include sulfur containing salts such as thiosulfate or sulfate from oxidation of sulfide minerals, excess cyanide from the heap leach solution or products of cyanide decomposition including thiocyanate or cyanate. Cyanide is often used in the region of 100 to 500 ppm (12), this decreases during the process as the cyanide becomes bound to both the desired metal (gold) and undesired metals such as mercury, nickel and iron; it is also oxidised to the cyanate ion or reacts with sulfides to form thiocyanate. Infrared spectroscopy of the EW samples (Supplementary Information) shows no free cyanide but does show peaks indicative of cyanate and nickel cyanide. All of these species could potentially cause a change in the adsorption behaviour; particularly chelating species such as thiocyanide, cyanide and cyanate.
To explore the effect of these species, 100 ppm of each was added to the model solution and the adsorption was retested. Figure 5 shows that in all cases the addition of 100 ppm of the anions had little effect on the adsorption of mercury when using FS1 with 99% removal being achieved in most cases and 97% removal with cyanide addition. For gold adsorption some significant differences were observed. The addition of sulfate, thiocyanate or thiosulfate had no effect; however both cyanate and cyanide caused a reduction in the removal of gold from 87% removal with no added anion to 65% and <1% removal with cyanate and cyanide respectively. Lewis and Shaw demonstrated that gold thiolate and gold cyanide are in equilibrium (as in Equation (iii)) (13) . At low cyanide concentrations the gold forms an insoluble gold thiolate with the surface bound thiol and is removed from solution; at higher cyanide concentrations the equilibrium is shifted to the soluble gold cyanide and the gold stays in solution. Mercury more easily forms an insoluble complex with the thiol and the mercury cyanide equilibrium is not strong enough to maintain the mercury in solution. S u l f a t e T h i o c y a n a t e C y a n i d e C y a n a t e Au Hg
Adsorption Kinetics
Simple adsorption kinetics ( exhibits rapid kinetics due to its small particle size; therefore, the poor gold adsorption kinetics maybe indicative that the adsorption process is strongly equilibrium limited. Further kinetic measurements were carried out whereby an aliquot of cyanide was added at 30 minutes, these are shown in Figure 7 . This shows how upon cyanide addition the gold is rapidly desorbed from the resin. This provides further evidence for the gold thiolate ⇌ cyanide equilibrium and its effect on the gold adsorption. The addition of cyanide has little effect on the mercury which remains adsorbed onto the resin, confirming that the insoluble mercury thiolate is strongly favoured over the soluble mercury cyanide species.
Adsorption Isotherms
The mercury-only adsorption isotherms were measured for both FS1 and Smopex 
Column Adsorption Trials
Due to the scale of liquid flow in a mining application the final process must run continuously; therefore columns are preferred. To test the feasibility column trials were run with a model solution containing 5 ppm gold and 5 ppm mercury at pH 10 with no added cyanide. Figure 9 shows that the outlet mercury concentration was below the instrument detection limit (0.01 ppm) during the entire test period; gold was initially adsorbed but then partially displaced as indicated by the outlet concentration going above the inlet concentration Figure 10 shows the effect of adding 100 ppm cyanide to the test solution. In this case no gold was adsorbed by the material whilst mercury adsorption was maintained; with the outlet mercury concentration being below the detection limit of the analysis (0.01 ppm). The low gold concentration of the first bed volume is due to the dilution effect of the column pre-rinse. The material loaded in Figure 9 was subjected to washing with an increasing concentration of cyanide solution at pH 10, shown in Figure 11 . Initially, when washed with dilute sodium hydroxide the gold concentration rapidly decreased as the load solution was rinsed from the packed bed (BV 1 to 6); when 100 ppm cyanide was added to the wash solution (BV 7 to 12) then the gold was rapidly eluted. The mercury was retained by the solid even when the cyanide concentration was increased to 1000 ppm. This provides further evidence for the equilibrium nature of the gold-thiolate interaction which can easily be perturbed by increasing the free cyanide concentration. Meanwhile the mercury-thiolate interaction is considerably more stable.
Real Stream Adsorption
Due to the complexity of the real solution streams the batch adsorption was repeated using a real sample of heap leach pregnant solution containing 1.22 ppm gold and 0.31 ppm mercury at pH 10.0; both FS1 and Smopex ® -112 were tested as adsorbents. The solution was tested both as received and with cyanide added at 100 ppm in order to assess whether the addition of cyanide would improve the selectivity of adsorption in a real feed. Gold adsorption was observed from the as received test solution with both materials (Figure 12) , with 7% and 20% gold removal with FS1 and Smopex ® -112 respectively. In any real world application non-selective adsorption would represent loss of product and is therefore unacceptable. When the cyanide was added to the received material the gold removal was reduced to less than 1% with Smopex ® -112 and to undetectable levels with FS1. Both materials reduced the mercury concentration from 0.31 ppm to below the detection limit of the instrument (<10 ppb), this was regardless of whether cyanide was added to the solution. This represents the ideal result for the desired application whereby a minor modification or monitoring of the stream allows highly selective adsorption of mercury from a gold bearing stream. The process is currently being piloted in Nevada, USA (shown in Figure 13 ). 
Conclusions
In this study infrared spectroscopy was used to show that [Hg(CN) 4 ] 2-and [Au(CN) 2 ] -are the most likely species to occur within a mercury containing gold cyanide stream, as would be found in a gold mining circuit where cyanide is used as the lixiviant. These species were then used to conduct model adsorption tests in order to identify a method of selective mercury adsorption. By adding free cyanide to the system (or ensuring that free cyanide exists in the solution) it was found that the selective adsorption of mercury in the presence of gold could be achieved when using thiol based adsorbents. The adsorbents were effective regardless of whether the thiol was bound to a silica or polymer based support. The theory was then applied to a real sample from a mining circuit, with the real stream it was found that when the adsorbents were applied to the solution as received then an unacceptable level of gold adsorption was obtained in conjunction to the mercury adsorption. When cyanide was added to the received solution then gold adsorption was completely prevented whilst mercury adsorption was maintained, with the adsorbent reducing the mercury concentration to below the detection limit (0.01 ppm) of the analytical equipment. The adsorbed mercury is strongly bound to the resin as an insoluble complex without leaching under mild conditions; therefore the material can be more easily handled or stored than many mercury complexes. Alternatively, it is envisaged that the material could be regenerated with strong concentrated acids (14) . The concept was also tested using a flow system which is likely to be the final application method. Here it was also found that the addition of cyanide to the solution led to the prevention of gold adsorption whilst maintaining a mercury outlet concentration below the detection limit of the equipment (0.01 ppm) during the test period. Additionally, the solution was run with no free cyanide and a dilute cyanide solution was then used to rinse any adsorbed gold from the material. This shows that alternative process solutions can be used depending on the individual process economics with both methods being based on the same scientific concept.
